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Abstract 
The aim of this investigation was to evaluate the fatigue resistance of friction stir welded (FSWed) AZ31B-H24 Mg alloy butt 
joints with emphasis on the effect of pin tool thread orientation (right-hand thread (RHT) and left-hand thread (LHT)) in the 
clockwise rotation. The friction stir welding resulted in recrystallized grains in the stir zone (SZ) and thermomechanically-
affected zone (TMAZ), and partially recrystallized grains in the heat-affected zone (HAZ), with the lowest hardness appeared in
the SZ. The fatigue life after friction stir welding was observed to be lower at high stress amplitudes, but remained nearly the
same at low stress amplitudes. Fatigue strength was higher in the FSWed joints made with the LHT pin tool than with the RHT 
pin tool due to the elimination of the welding defects near the bottom surface via a downward material flow. Fatigue fracture 
basically occurred at or near the boundary between TMAZ and SZ. Fatigue crack initiated from the specimen surface or near 
surface defects in the case of LHT pin tool, and from the welding defects near the bottom surface in the case of RHT pin tool. 
Crack propagation was characterized by the formation of fatigue striations.   
Keywords: Magnesium alloy; friction stir welding; microstructure; fatigue strength; pin tool thread orientation.  
1. Introduction 
The transportation industry is facing a significant challenge in reducing the weight of vehicles to improve fuel 
economy and reduce greenhouse gas emissions without compromising safety and reliability. The reduction of 
vehicle weight is best achieved via combining the use of lightweight materials with innovative structural design. 
Magnesium alloys have attracted special attention of researchers and engineers especially working in the 
transportation industry because they are the lightest structural metallic materials with high specific strength and 
stiffness, good heat conductivity, high electromagnetic interference shielding and damping capabilities, good 
machinability and castability [1-4]. However, effective joining techniques are required in the structural applications 
of magnesium alloys. Friction stir welding (FSW), a solid state joining technique invented by The Welding Institute 
in Cambridge, England nearly two decades ago [5], has been termed as “green” technology by many researchers due 
to its energy efficiency and environment friendliness. The development and application of FSW technology in 
lightweight structures in the aerospace, automotive and shipbuilding industries provide an effective tool of achieving 
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superior joint integrity especially where reliability and damage tolerance are of major concerns [6]. Since the 
automotive and aerospace components are inevitably subjected to dynamic or cyclic stresses in services, the fatigue 
properties of the friction stir welded (FSWed) joints must be properly evaluated to ensure the safety and longevity.  
During FSW frictional heat generated between the cylindrically threaded pin and shoulder and the work-pieces 
causes the material to soften (without reaching its melting point), and the plasticized material is rapidly 
stirred/mixed to form the FSWed joint. This would cause a big change in the material microstructure and/or flow 
pattern, and subsequent mechanical properties of the joint, depending on the FSW parameters and pin tool geometry. 
Colligan [7] reported the material flow pattern of a FSWed Al alloy obtained using a stop action technique with a 
left hand screw threaded pin tool in a clockwise rotation, and observed that the stirred material was forced down in 
the weld by the threads on the pin and is deposited in the weld nugget. Later Guerra et al. [8], and Zhao et al. [9] 
made FSWed joints using right hand thread (counterclockwise) tool profile, while Schnider and Nunes [10] used left 
hand thread (clockwise) tool profile and observed no occurrence of welding defects. The combination of the thread 
orientation with the rotation of the pin tool increased an extra downward force and heat generation that would be 
beneficial to accelerate the flow of plasticized material to ensure good mechanical bonding. On the other hand, Cao 
and Jahazi [11] recently observed some noticeable defects at the bottom or root of the welded joints with a right 
hand screw threaded pin in the clockwise rotation. These observations indicated that the material flow pattern during 
FSW is a function of pin tool thread and direction of rotation. But little is known of the effect of the left hand thread 
(LHT) and right hand thread (RHT) pins on the microstructure and fatigue properties of the FSWed Mg alloy. The 
objective of this study was, therefore, to evaluate the dependence of fatigue resistance on the pin tool thread 
orientation in a FSWed AZ31B-H24 Mg alloy in relation to its microstructural change.     
Nomenclature
ıa cyclic stress amplitude 
ıf’  fatigue strength coefficient 
Nf number of cycles to failure 
2Nf number of reversals to failure 
b fatigue strength exponent 
2.  Experimental procedures  
In the present study a 2 mm thick AZ31B-H24 Mg alloy sheet was selected. The nominal composition of this 
alloy was 2.5-3.5 wt% Al, 0.7-1.3 wt% Zn, 0.2-1.0 wt% Mn and balance Mg [11]. Prior to FSW, surface oxide 
layers were removed with a steel brush and then the surface was cleaned using ethanol. Butt welding was conducted 
without additional filler metal. Two welding parameters were changed: the welding speed (10 and 30 mm/s) and tool 
rotational rate (1000 and 2000 rpm) by using a LHT pin in the clockwise rotation. To observe the effect of thread 
orientation both LHT and RHT pins were employed at a welding speed of 10 mm/s and tool rotational rate of 2000 
rpm in a clockwise rotation. The welded work-pieces were cut in the direction perpendicular to the welding direction 
to examine the cross-sectional microstructure. Then the specimens were cold mounted, ground, polished and etched 
with acetic picral (10 mL acetic acid (99%), 4.2 g picric acid, 10 mL H2O, 70 mL ethanol (95%)) [11]. An optical 
microscope coupled with Clemex image analysis system was used to observe the microstructural change across the 
welds. Fatigue tests were conducted using a fully computerized Instron 8801 servo-hydraulic testing system under 
load control at different stress amplitudes. At each stress level at least two samples were tested. A stress ratio of R 
(ımin/ımax) equal to 0.1, sinusoidal waveform, and frequency of 50 Hz were selected in all the tests. After the fatigue 
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tests the base metal and the welded joints were examined via a JSM-6380LV scanning electron microscope (SEM) 
equipped with Oxford energy dispersive X-ray spectroscopy (EDS) system and 3D fractographic analysis, to 
identify fatigue crack initiation sites and propagation mechanisms.  
AS RS
3.  Results and discussion  
3.1. Microstructure and microhardness profiles 
All the FSWed joints in this investigation were observed using optical microscope at a magnification of 1000× to 
examine the quality of FSWed regions. Fig. 1 shows a typical example of the cross section of the FSWed sample 
made at a welding speed of 10 mm/s and tool rotational rate of 1000 rpm including base metal (BM), heat-affected 
zone (HAZ), thermo-mechanically affected zone (TMAZ) and stir zone (SZ). The retreating side (RS) and 
advancing side (AS) are indicated in Fig. 1(a). The microstructure of the AZ31B-H24 Mg BM consisted of pancake-
shaped grains with varying sizes (Fig. 1(b)). The heterogeneity in the grain structure of the BM was due to both 
deformation of the 2 mm thick sheet by rolling and incomplete dynamic recrystallization during partial annealing 
[11]. The average grain size of the BM was about 3.6±2.2 μm. Both equiaxed and elongated grains were observed in 
the HAZ as shown in Fig. 1(c). The presence of some equiaxed grains observed in the HAZ indicated that partial 
recrystallization had taken place. Fig. 1(d) presents the microstructure of the TMAZ, where the recrystallized grains 
were basically observed. In the SZ fully recrystallized grains appeared (Fig. 1(d)). These microstructural changes 
across the FSWed Mg alloy joint were similar to those reported in [12].  
(a)
Fig. 1. (a) Microstructures of a FSWed joint obtained at a welding speed of 10 mm/s and tool rotational rate of 1000 rpm; (b) base metal; (c) heat-
affected zone (HAZ); (d) thermomechanically-affected zone (TMAZ); and (e) stir zone (SZ). 
(b) (c)
(d) (e)
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Mg alloys would experience dynamic recrystallization more easily than Al alloys because the recrystallization 
temperature of Mg alloys was about 523K [13] which was generally lower than that of Al alloys. During FSW, the 
peak temperature experienced in these regions (SZ, TMAZ) was higher than the recrystallization temperature of the 
Mg alloy, so that the deformed microstructure just outside the SZ would also be dynamically recrystalllized. This 
would be the main reason why the TMAZ possessed a similar microstructure to that in the SZ in AZ31B-H24 Mg 
alloy. It was observed that grain size became smaller by increasing welding speed from 10 mm/s to 30 mm/s and 
decreasing tool rotational rate from 2000 rpm to 1000 rpm. This was due to the fact that the heat input decreased 
with increasing welding speed and decreasing rotational rate [12,14]. Furthermore, less time was available for grain 
growth at a higher welding speed.  
The microhardness profile is shown in Fig. 2 at a welding speed of 10 mm/s and a rotational rate of 1000 rpm. It 
is seen that the hardness values decreased gradually from about HV73 in the half-hard H24 temper BM to 
approximately HV63 at the center of the SZ through the HAZ and TMAZ of the welded joint. The hardness in the 
SZ varied from 87% to 90% of the BM hardness when the tool rotational rate decreased from 2000 rpm to 1000 rpm 
while the welding speed remained constant at 10 mm/s. The decrease in the hardness would be partially correlated to 
the grain growth, in addition to the change of the material state from the H24 temper to recrystallzation state. Similar 
changes in the microstructure and the resulting hardness were reported in [12,15]. 
Fig. 2. Typical microhardness profile of a FSWed sample at a welding speed of 10 mm/s and a rotational rate of 1000 rpm.  
3.2. Fatigue behavior  
Load controlled fatigue tests were conducted on both the BM and the FSWed specimens and the obtained results 
are shown in Fig. 3. It is seen that at high stress amplitudes all the FSWed joints had a lower fatigue life than the 
BM. As the stress amplitude decreased the difference of fatigue life between the FSWed joints and the BM became 
smaller at low stress amplitudes. The fatigue limit of the FSWed joints made with LHT pin was about 20% lower 
than that of the BM, whereas the fatigue limit of the FSWed joints made with RHT pin was 40% lower than that of 
the BM. The obtained fatigue limit (defined as the fatigue strength corresponding to 1×107 cycles) and fatigue ratio 
(the ratio of the fatigue limit to the ultimate tensile strength) of the FSWed joints are listed in Table 1. While the 
absolute value of fatigue limit was lower, the fatigue ratio of the FSWed joints using LHT pin tool was higher than 
that of the BM, with the lowest fatigue ratio obtained for the FSWed joints using RHT pin tool. 
The following Basquin-type equation [16] could be used to fit the fatigue data, 
ıa = ıf’(2Nf)b, (1) 
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where ıa is the alternating stress amplitude, ıf’ is the fatigue strength coefficient defined by the stress intercept at 2Nf
=1, Nf  is the number of cycles to failure and 2Nf  is the number of reversals to failure, and b is the fatigue strength 
exponent. The obtained ıf’ and b values are listed in Table 2. 
Fig. 3. S-N curves of the AZ31B-H24 base metal in the longitudinal direction, and FSWed joints at a welding speed of 10 mm/s and rotational 
rate of 1000 and 2000 rpm using LHT and RHT pin tools.   
Table 1. Fatigue limit and fatigue ratio of the FSWed joints. 
Welding parameter Pin thread orientation Fatigue limit (MPa) Tensile strength (MPa) Fatigue ratio 
Base metal - 50 285 0.175 
10 mm/s and 1000 rpm LHT 40 212 0.190 
10 mm/s and 2000 rpm LHT 40 211 0.190 
10 mm/s and 2000 rpm RHT 30 207 0.145 
Normally a smaller value of b corresponded to a longer fatigue life [16]. From Table 2 it can be seen that the 
absolute value of the fatigue strength exponent for the FSWed joints using RHT pin tool was a little larger than that 
for the FSWed joints using LHT pin tool, thus corresponding to a shorter fatigue life, as also seen in Fig. 3. This was 
mainly due to the presence of some welding defects at or near the bottom surface of the FSWed joints using RHT 
pin tool. Fatigue life was indeed associated with both fatigue strength exponent and fatigue strength coefficient 
based upon equation (1). The longer fatigue life of the base metal shown in Fig. 3 was apparently related to a 
considerably (1.7~1.8 times) higher fatigue strength coefficient in spite of its higher absolute value of fatigue 
strength exponent.  
Table 2. Fatigue strength coefficient ıf’ and fatigue strength exponent b of the FSWed joints.
Welding parameter Pin thread orientation ıf’ (MPa) b
Base metal 274 -0.115 
10 mm/s and 1000 rpm LHT 149 -0.086 
10 mm/s and 2000 rpm LHT 154 -0.089 
10 mm/s and 2000 rpm RHT 160 -0.093 
To understand the effect of the pin thread orientation on the fatigue behavior of the FSWed joints, it is necessary to 
analyze the flow pattern of the material during FSW. Nunes et al. [17] synthesized a model of flow around the nib 
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(or pin) out of (1) a pure transition flow field; (2) a rigid disc rotation flow field; (3) a radially symmetrical vortex 
ring flow field (inward at the shoulder, down at the nib threads, outward on the lower part of the nib, and upwards in 
the outer regions around the nib) to simulate the material circulation during FSW. Then they pointed out that 
clockwise and counterclockwise welds (with the same pin tool) would have opposing directions of vortex 
circulation. Based on their model a 2-dimensional material flow pattern around the nib during FSW could be 
schematically plotted in Fig. 4. It is seen that the use of RHT and LHT pin tools resulted in a reversal of material 
flow, where the softened material very close to the RHT pin tool flew upward while the material in the vicinity of 
the LHT pin tool flew downward. It has been reported that the pin should be threaded and rotated in such a manner 
that the material should be pushed down by the threads (for example, a RHT pin tool turning counterclockwise) to 
achieve good welded joints [10]. As a result, in the present study the LHT pin tool in the clockwise rotation (Fig. 
4(b)) would give rise to better joints while the RHT pin tool in the clockwise rotation (Fig. 4(a)) would result in the 
occurrence of potential porosity or lack-of-bonding defects due to two possible reasons. First, the FSW was 
considered to be a constant volume welding process and the upward material movement would cause the plasticized 
material to stick to shoulder and pin [18], which would reduce the supply of plasticized material at the bottom. 
Second, due to a certain extent of temperature gradient between the top surface in contact with the shoulder and 
bottom surface in touch with the clamping support [19], the material flow near the bottom surface would encounter 
more flow resistance when it flew upward. Therefore, the welds obtained using the RHT pin in the clockwise 
rotation had increasing probability to form porosity or lack-of-bonding defects near the bottom surface. Such defects 
were clearly seen from the fracture surface after fatigue testing of the FSWed joints made with the RHT pin tool in 
the clockwise rotation (Fig. 5(a)), while no such defects were observed in the FSWed joints made with the LHT pin 
tool in the clockwise rotation (Fig. 5(b)). The metallographic observations or fractographic examinations after 
tensile testing of the FSWed joints made with the RHT pin tool revolving clockwise showed the presence of porosity 
and lack-of-bonding defects as well [11,20]. Therefore, the lower fatigue limit or fatigue life of the FSWed joints 
made with the RHT pin tool rotating clockwise (Fig. 3 and Table 1) was attributed to the presence of the porosity 
and lack-of-bonding defects near the bottom surface. 
RS ASAS
(b) 
RS
(a)
Fig. 4. Effect of pin thread orientation on the material flow around the pin during FSW, (a) RHT; (b) LHT.  
All the welded joints of the Mg alloy failed at or near the boundary between TMAZ and SZ. The failure locations of 
the FSWed joints are listed in Table 3. It is seen that failure location was sensitive to the thread orientation of the pin 
that was related to the material flow pattern during FSW. The FSWed joints obtained using the LHT pin failed at the 
AS, while the FSWed joints obtained using the RHT pin failed mainly at the RS. According to Zhao et al. [9] the 
material flowed from the AS to the RS, and went around the pin and back to the AS again. During FSW, some 
materials were lost and thus the AS which was the farthest place to be filled would have a higher risk to form 
porosity, leading to the failure in the AS. For the FSWed joints obtained using the RHT pin, the failure which 
mainly appeared at the RS was apparently due to the reversal of the material flow direction (Fig. 4(a)). 
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(b)(a)
Fig. 5. SEM images showing the fracture surfaces of the FSWed samples, after fatigue testing at a stress amplitude of 60 MPa, made with (a) 
RHT pin tool; (b) LHT pin tool in the clockwise rotation.   
Table 3. Failure location of the FSWed specimens during fatigue testing. 
Welding parameter Pin tool thread 
orientation 
Failure location 
        Advancing side (AS)             Retreating side (RS) 
        10 mm/s and 1000 rpm                 LHT 11 0
10 mm/s and 2000 rpm LHT 11 0
10 mm/s and 2000 rpm RHT 2 8
3.3 Fractography 
Fig. 6 shows typical SEM images taken from the fracture surface of a FSWed sample made with the LHT pin tool 
in the clockwise rotation at a stress amplitude of 60 MPa. Fatigue crack initiation basically occurred either from the 
defects or unmelted particles present at the specimen surface as shown in Fig. 5 and Fig. 6(a). The presence of an 
Al-Mn particle was responsible for the initiation during fatigue testing as shown in Fig. 6(b), (c) and (e). For the 
FSWed samples made with the RHT pin tool in the clockwise rotation fatigue crack initiation was observed to 
initiate from the bottom surface welding defects, since the lack-of-bonding defects or pores could act as a stress 
raiser, facilitating the crack initiation. Fatigue crack propagation was basically characterized by fatigue striations 
(Fig. 6(d)), which were usually perpendicular to the propagating direction with the spacing increased with increasing 
distance from the initiation site. While the fatigue striations normally occurred by a repeated plastic blunting-
sharpening process in the face-centered cubic materials due to the slip of dislocations in the plastic zone ahead of the 
fatigue crack tip, the formation of the fatigue striations in the magnesium alloys was expected to be related to the 
twinning in the compressive phase and detwinning in the tensile phase [3,21-23]. Further studies are needed in this 
aspect.
Conclusions 
1. The FSW of AZ31B-H24 Mg alloy resulted in recrystallized grains in the SZ and TMAZ, and partially 
recrystallized grains in the HAZ. The lowest hardness values were obtained at the center of the FSWed 
joints. 
2. Fatigue strength or life was observed to be higher in the FSWed joints made with the LHT pin tool in the 
clockwise rotation than that of the FSWed joints made with the RHT pin tool in the same rotational 
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direction. This was due to the elimination of the welding porosity located near the bottom surface of the 
FSWed joints in the former case via a downward material flow close to the pin tool surface. 
3. While the FSW resulted in a lower fatigue life at high stress amplitudes, the fatigue limit (or strength at low 
stress amplitudes) of the FSWed joints made with the LHT pin tool in the clockwise rotation was only 
slightly lower than that of the BM.   
4. Fatigue fracture basically occurred at or near the boundary between TMAZ and SZ in either AS or RS, 
depending mainly on the pin tool thread orientation. It appeared that the use of RHT pin tool in the 
clockwise rotation promoted the failure at the RS. 
5. Fatigue crack initiation occurred from the specimen surface or near surface defects in the FSWed joints 
made with the LHT pin tool, and from the welding defects near the bottom surface in the FSWed joints 
made with the RHT pin tool in the clockwise rotation. In all cases fatigue crack propagation was 
characterized by the formation of fatigue striations with the spacing increased with increasing distance 
from the initiation site.  
Fig. 6. Typical SEM images of the fatigue fracture surface of a FSWed sample made with the LHT pin tested at a stress amplitude of 60 MPa. (a) 
fatigue crack initiation area at a low magnification; (b) fatigue crack initiation area at an intermediate magnification; (c) backscattered electron 
image of (b); (d) fatigue crack propagation area at a high magnification; (e) EDS spectrum of the particle near the surface on the image (c) 
indicated by an arrow.   
(e)
(a) (b)
(c) (d)
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